Tumor suppressor p53 has a key role in maintaining genomic stability and preventing tumorigenesis through its regulation of cellular stress responses, including apoptosis, cell cycle arrest and senescence. To ensure its proper levels and functions in cells, p53 is tightly regulated mainly through post-translational modifications, such as ubiquitination. Here, we identified E3 ubiquitin ligase TRIM32 as a novel p53 target gene and negative regulator to regulate p53-mediated stress responses. In response to stress, such as DNA damage, p53 binds to the p53 responsive element in the promoter of the TRIM32 gene and transcriptionally induces the expression of TRIM32 in cells. In turn, TRIM32 interacts with p53 and promotes p53 degradation through ubiquitination. Thus, TRIM32 negatively regulates p53-mediated apoptosis, cell cycle arrest and senescence in response to stress. TRIM32 is frequently overexpressed in different types of human tumors. TRIM32 overexpression promotes cell oncogenic transformation and tumorigenesis in mice in a largely p53-dependent manner. Taken together, our results demonstrated that as a novel p53 target and a novel negative regulator for p53, TRIM32 has an important role in regulation of p53 and p53-mediated cellular stress responses. Furthermore, our results also revealed that impairing p53 function is a novel mechanism for TRIM32 in tumorigenesis.
p53 has a critical role in tumor prevention. [1] [2] [3] p53 is frequently inactivated through DNA mutations and other mechanisms in human cancers. In response to stress, p53 binds to the p53 responsive elements (p53 REs) in its target genes and transcriptionally regulates gene expression, which in turn initiates various cellular responses, such as apoptosis, cell cycle arrest and senescence. 1, 3, 4 The p53 protein levels are tightly regulated in cells to maintain its proper function, which is primarily achieved through post-translational modifications, especially ubiquitination and resultant proteasomal degradation. 5, 6 The E3 ubiquitin (Ub) ligase MDM2 is a p53 target and a critical negative regulator for p53 that degrades p53 through ubiquitination, and thus forms a negative feedback loop with p53 to regulate the p53 protein levels and functions. 7, 8 Recently, E3 Ub ligases Pirh2 and Cop1 were identified as p53 targets that can degrade p53 through ubiquitination. 9, 10 TRIM32 is a protein of the tripartite motif (TRIM) family. 11, 12 The proteins of TRIM family have been reported to be involved in different biological processes, including cell growth, differentiation, development, muscular physiology, innate immune response and cancer. 11, 12 The biological function of TRIM32 is not well understood. TRIM32 regulates neuronal and skeletal muscle cell differentiation. 13, 14 TRIM32 overexpression was frequently observed in skin carcinoma, and head and neck squamous cell carcinoma, thereby suggesting a potential role of TRIM32 in tumorigenesis. 15, 16 TRIM32 was reported to possess E3 Ub ligase activity, attributable to its RING finger. TRIM32 ubiquitinates dysbindin that may contribute to TRIM32's role in skeletal muscle and neuronal cell differentiation. 17 TRIM32 ubiquitinates NF-kB inhibitor Piasy and tumor suppressor Abi2, which may contribute to TRIM32's role in tumorigenesis. 16, 18 In this study, we identified TRIM32 as a novel p53 target and negative regulator for p53. TRIM32 forms a negative feedback loop with p53 to negatively regulate p53 functions in response to stress. TRIM32 is frequently overexpressed in tumors. TRIM32 overexpression promotes cell oncogenic transformation and tumorigenesis in a largely p53-dependent manner. These results demonstrated a novel function of TRIM32 in regulating p53 and p53-mediated stress responses, and revealed that impairing p53 function is an important mechanism for TRIM32 in tumorigenesis.
Results p53 induces TRIM32 in response to stress. The typical p53 RE is composed of two half-sites ( Figure 1a ). Some p53 REs have more than two half-sites, referred to as cluster sites, that can increase p53 binding affinity. 19, 20 The p53 MH algorithm is a computer program designed to screen for potential p53 target genes by identifying the potential p53 REs in genes. 20, 21 The algorithm computes a score between 0 and 100. The sequence with a score 485 is considered as a potential p53 RE. 21 Using this algorithm, a list of p53 target genes have been recently identified. [21] [22] [23] [24] This algorithm predicted two potential p53 REs in the promoter and intron 1 of TRIM32, respectively ( Figure 1a) .
We first investigated whether p53 regulates TRIM32 expression in LN-2024 cells and its parental LN-Z308 cells. LN-2024 cells are p53-null human glioblastoma LN-Z308 cells stably transfected with a Tet-on p53 expression vector that express wild-type (WT) p53 in the presence of doxycycline. 25 This pair of cell lines has been widely used for identifying new p53 target genes. 23, [25] [26] [27] Doxycycline induced the expression of p53 and its target MDM2 in LN-2024 cells but not in LN-Z308 cells (Figure 1b) . Notably, doxycycline induced TRIM32 at both protein and RNA levels in LN-2024 cells but not in LN-Z308 cells (Figures 1b and c) .
To investigate whether TRIM32 is induced by p53 activation in response to physiological stress, HCT116 p53 þ / þ , HCT116 p53 À / À , RKO p53 þ / þ and RKO p53 À / À cells were treated with chemotherapeutic agents etoposide or 5-fluorouracil (5-FU). These two pairs of isogenic human colorectal cell lines with or without expression of WT p53 have been widely used for p53 target gene identification and p53 function study. 22, 23, 28, 29 Etoposide and 5-FU clearly induced TRIM32 at protein and mRNA levels in p53 þ / þ HCT116 and RKO but not in p53 À / À HCT116 or RKO cells, indicating that p53 activation induces TRIM32 (Figures 1d-g ). Interestingly, compared with the induction of MDM2 by p53 that occurred at early time points after treatment (e.g., at 3 h), the induction of TRIM32 by p53 was observed at later time points (e.g., at 15 and 24 h) (Supplementary Figure 1) . p53 did not regulate the basal levels of TRIM32 as shown in untreated p53 þ / þ and p53 À / À HCT116 and RKO cells (Figures 1d-g ). We further investigated whether TRIM32 can be induced by p63 and p73, two p53 family member proteins, in these cell lines in response to stress. It has been reported that TA-p63a and TA-p73a are the main p63 and p73 isoforms expressed in HCT116 and RKO cells, [30] [31] [32] which was confirmed in Supplementary Figure 2a . Etoposide and 5-FU induced TAp63a and TA-p73a but not TRIM32 in p53 À / À HCT116 and RKO cells (Figures 1d and f) . Consistently, knockdown of TAp63a and TA-p73a by siRNA did not clearly affect the induction of TRIM32 by etoposide and 5-FU in p53 þ / þ HCT116 and RKO cells (Supplementary Figures 2b-e) .
In addition to the above-mentioned cell lines, p53-dependent induction of TRIM32 in response to stress (e.g., etoposide) was also observed in normal human neuronal CRL-10742 and colorectal CRL-1831 cells (Supplementary Figures  3 and 4) , as well as p53 WT human lung cancer H460 and breast cancer MCF7 cells (Supplementary Figures 5a and b) . These results demonstrated that TRIM32 is transcriptionally induced by p53 in response to stress in various types of cells.
The TRIM32 gene contains a functional p53 RE. To investigate whether p53 induces TRIM32 in response to stress through binding to these two putative p53 REs in TRIM32 (Figure 1a ), HCT116 p53 þ / þ and p53 À / À cells were treated with etoposide for chromatin immunoprecipitation (ChIP) assays. The p53 antibody specifically pulled down the DNA fragment containing the putative p53 RE in the promoter but not intron 1 of TRIM32 in etoposide-treated p53 þ / þ cells but not in p53 À / À cells or untreated p53 þ / þ cells (Figure 1h ). This result indicates that activated p53 binds to the p53 RE in the TRIM32 promoter in response to stress to regulate TRIM32 expression.
To investigate whether these putative p53 REs confer the p53-dependent transcriptional activity, HCT116 p53 À / À cells were transfected with the luciferase reporter vectors containing the above two putative p53 REs in TRIM32 together with control vectors or vectors expressing WT or R273H mutant p53. Compared with cells transfected with control vectors, WT p53 greatly enhanced luciferase activities (by B50-fold) of the reporter vectors containing the putative p53 RE in the TRIM32 promoter but not in the intron 1 (Figure 1i ). R273H mutant p53 only showed a marginal effect (by Bthreefold) on the luciferase activities, which could be owing to the residual transcriptional activity of the mutant p53. 33 These results together demonstrated that TRIM32 is a p53 target gene.
TRIM32 negatively regulates p53 protein levels. TRIM32 was reported to possess the E3 Ub ligase activity. 16, 17, 18 These findings raised an interesting question that whether TRIM32 is an E3 Ub ligase for p53. To test this hypothesis, p53-null human lung H1299 cells were co-transfected with vectors expressing WT p53 and TRIM32. TRIM32 overexpression downregulated the exogenous p53 in H1299 cells (Figure 2a) . Similarly, ectopic TRIM32 downregulated the endogenous p53 in both etoposide-untreated and -treated p53 þ / þ HCT116 and RKO cells (Figure 2b) .
To investigate whether endogenous TRIM32 regulates p53 levels in cells, TRIM32 was knocked down by siRNA oligos in p53 þ / þ HCT116 and RKO cells (Figure 2c ). TRIM32 knockdown induced p53 in both etoposide-untreated andtreated cells (Figure 2c ). Furthermore, TRIM32 overexpression or knockdown did not affect p53 mRNA levels ( Figure 2d ). Consistently, TRIM32 knockdown induced p53 in H460 and MCF7 cells (Supplementary Figures 5c and d) .
To investigate whether the downregulation of p53 by TRIM32 is MDM2 dependent, p53 À / À MDM2 À / À MEFs (mouse embryonic fibroblasts) (2KO) were used. While ectopic TRIM32 clearly downregulated the ectopic p53, knockdown of endogenous TRIM32 upregulated the ectopic p53 in 2KO cells (Figure 2e ). Consistently, simultaneous knockdown of endogenous TRIM32 and MDM2 by siRNA in HCT116 p53 þ / þ cells displayed an addictive effect on the induction of endogenous p53 (Figure 2f ). These results indicate that TRIM32 can downregulate p53 independently of MDM2.
TRIM32 interacts with p53. To investigate whether TRIM32 is an E3 Ub ligase for p53, we first examined the interaction between TRIM32 and p53. H1299 cells co-transfected with TRIM32-Flag and p53 vectors were used for immunoprecipitation (IP) assays. TRIM32-Flag was co-precipitated by the p53 antibody, and vice versa, indicating that the ectopic TRIM32 interacts with p53 in cells (Figure 3a) . The interaction between endogenous TRIM32 and p53 was also observed in HCT116 p53 þ / þ cells (Figure 3b ).
TRIM32 contains several important domains, including an N-terminal RING finger, a B-box type 1 and a B-box type 2, a Figure 3c ). The NHL domain was reported to be required for the interactions of TRIM32 with other proteins. 16, 34 To define the binding domain of TRIM32 with p53, a series of Flagtagged deletion mutants of TRIM32 were constructed, including DRING, DRINGDB-box, NHL and DNHL (Figure 3c ). They were transfected into H1299 cells together with p53 vectors, and their binding to p53 were analyzed by IP assays. The WT, DRING and DRINGDB-box mutants of TRIM32 all interacted with p53, whereas deletion of NHL domain (DNHL) largely abolished the TRIM32-p53 binding (Figure 3d) . Furthermore, the NHL domain itself interacted with p53 (Figure 3d ). These results demonstrated that TRIM32 interacts with p53 in cells, and furthermore, the NHL domain of TRIM32 is required for the binding.
TRIM32 promotes ubiquitination and degradation of p53. We further investigated whether TRIM32 promotes p53 degradation through uniquitination. The RING finger domain of E3 Ub ligases is critical for their E3 Ub ligase activity. 5, 35 Here, vectors expressing the WT or DRING TRIM32 were transfected into H1299 cells together with p53 vectors and Ub vectors. The ectopic WT TRIM32 but not TRIM32 DRING mutant clearly promoted p53 ubiquitination (Figures 3e and f) .
To investigate whether p53 ubiquitination by TRIM32 promotes p53 degradation, H1299 cells were transfected with p53 vectors together with vectors expressing the WT or DRING TRIM32. The WT but not DRING TRIM32 downregulated the ectopic p53 in H1299 cells (Figure 3g) . Consistent results were observed in 2KO MEFs, indicating that TRIM32's effect on p53 ubiquitination and degradation is MDM2 independent (Figure 3g) . Notably, MDM2 exhibited a stronger effect on p53 ubiquitination and degradation than TRIM32 as shown in H1299 cells co-transfected with vectors expressing p53 and TRIM32 or MDM2 (Supplementary Figure 6) . These results are consistent with the result in Figure 2f , showing that MDM2 knockdown resulted in higher p53 accumulation than TRIM32 knockdown in HCT116 p53 þ / þ cells. Furthermore, the downregulation of p53 by TRIM32 was largely abolished when H1299 and 2KO cells were treated with proteasome inhibitor MG132 (Figure 3h ). Consistently, WT TRIM32 but not DRING TRIM32 reduced the endogenous p53 in HCT116 p53 þ / þ cells, which was largely abolished by MG132 (Figure 3i ). These results indicated that TRIM32's function in promoting p53 ubiquitination and degradation mainly accounts for its activity in downregulating p53.
In non-stressed cells, p53 protein half-life is short, as p53 protein is quickly degraded mainly through ubiquitination. To determine whether TRIM32 decreases the p53 protein half-life, HCT116 p53 þ / þ cells transfected with WT TRIM32 vectors were treated with protein synthesis inhibitor cyclohexamide (CHX) for different time periods. Ectopic TRIM32 clearly reduced the half-life of p53 compared with cells transfected with control vectors (16 min versus 28 min; Figure 3j ).
Recent studies demonstrated that MDM2 can also ubiquitinate and degrade mutant p53. 36, 37 Similarly, TRIM32 can degrade mutant p53 (Supplementary Figure 7) . It appears that TRIM32 degraded WT p53 more efficiently than mutant p53, which suggests that TRIM32 may have a more important role in regulation of WT p53 than mutant p53 in cells.
TRIM32 negatively regulates the p53 transcriptional activity. To determine whether the downregulation of p53 by TRIM32 reduces p53 transcriptional activity, p21 luciferase reporter (p21-Luc) containing the p53 RE in p21 promoter was used. Ectopic expression of p53 markedly activated the luciferase activity of the p21-Luc in HCT116 p53 À / À cells. Notably, co-expression of WT but not DRING TRIM32 greatly reduced p53's function in activating the luciferase activity of the p21-Luc (Figure 4a ).
The impact of TRIM32 upon p53 transcriptional activity was further investigated by measuring the mRNA levels of a group of well-known p53 targets in cells, including MDM2, p21, Puma, Fas and Bax. Cells transfected with control or TRIM32 vectors were treated with etoposide, and the mRNA levels of these genes were measured by real-time PCR assays. TRIM32 overexpression clearly reduced the induction of these genes by etoposide in p53 þ / þ but not in p53 À / À HCT116 cells (Figure 4b ). These changes were confirmed by western blot assays (Figure 4c ). Consistently, knockdown of endogenous TRIM32 induced the expression of the abovementioned genes in p53 þ / þ but not in p53 À / À HCT116 cells treated with etoposide (Figures 4d and e) .
TRIM32 negatively regulates p53-mediated apoptosis, cell cycle arrest and senescence. The p53-mediated apoptosis, cell cycle arrest and senescence are important functions of p53 in tumor suppression.
1,2 To investigate whether TRIM32 affects p53 functions in mediating apoptosis, HCT116 and RKO cells were transfected with TRIM32 vectors or siRNA against TRIM32 and then treated with 5-FU. It has been reported that 5-FU induces apoptosis in a highly p53-dependent manner in colorectal cells, 38 which (Figure 5a ), whereas TRIM32 knockdown promoted 5-FU-induced apoptosis in p53 þ / þ but not in p53 À / À cells (Figure 5b ). It has been well established that p53 activation induces mainly G1 cell cycle arrest.
1,39 TRIM32 knockdown induced G1 arrest in a p53-dependent manner; it induced G1 arrest in p53 þ / þ HCT116 and RKO cells but not in p53 À / À cells (Figure 5c ).
Doxorubicin induces senescence in a p53-dependent manner in different types of cells. 40 To investigate whether TRIM32 affects p53-mediated senescence, HCT116 p53 þ / þ and p53 À / À cells transfected with TRIM32 vectors were treated with doxorubicin, and senescent cells were detected by senescence-associated b-galactosidase (SA-b-gal) staining. Doxorubicin induced senescence in a largely p53-dependent manner in HCT116 cells (Figure 5d ). While ectopic TRIM32 reduced doxorubicin-induced senescence in HCT116 p53 þ / þ but not in p53 À / À cells, TRIM32 knockdown induced senescence in HCT116 p53 þ / þ but not in p53 À / À cells (Figures 5d and e) . Interestingly, knockdown of endogenous TA-p63 or TA-p73 in HCT116 p53 þ / þ cells did not clearly affect TRIM32's effects on apoptosis, cell cycle arrest or senescence (Supplementary Figure 8) . Notably, TRIM32 overexpression downregulated TA-p63a and TA-p73a protein, whereas TRIM32 knockdown upregulated TA-p63a and TA-p73a in HCT116 p53 þ / þ cells (Supplementary Figures 9a  and b) . This result is consistent with a recent report showing that TRIM32 degrades p73 in neuronal cells. 41 Furthermore, TRIM32 displayed a stronger effect on p53 than on TA-p63a or TA-p73a as shown in both HCT116 p53 þ / þ and H1299 cells (Supplementary Figures 9a and b) . These results suggested that the downregulation of p53 by TRIM32 mainly contributes to TRIM32's function in downregulating apoptosis, cell cycle arrest and senescence in response to stress.
TRIM32 is overexpressed in different types of tumors.
TRIM32 has been reported to be frequently overexpressed in head and neck cancer, and skin cancer. 15, 16 To investigate whether TRIM32 is also overexpressed in other types of tumors, the mRNA levels of TRIM32 were measured in colorectal cancer (n ¼ 24), lung cancer (n ¼ 24) and hepatocellular carcinoma (n ¼ 21), as well as their matched adjacent non-tumor tissues by real-time PCR assays. Compared with their adjacent non-tumor tissues, TRIM32 overexpression (the cutoff is more than twofold higher expression) was observed in a high percentage of tumors, including 8/24 colorectal cancer, 10/24 lung cancer and 10/21 hepatocellular carcinoma (Figures 6a-c) . These results demonstrate that TRIM32 is frequently overexpressed in different types of tumors. Considering the important role of TRIM32 in negative regulation of p53, TRIM32 overexpression in tumors may contribute to tumorigenesis.
TRIM32 promotes cell transformation through downregulation of p53. p53 deficiency promotes oncogenic transformation of primary MEFs. 42 To investigate the effect of TRIM32 overexpression on MEF transformation, E1A/Rasexpressing p53 þ / þ and p53 À / À MEFs were transduced with pLPCX-TRIM32-Flag retroviral vectors. TRIM32 overexpression downregulated p53 in E1A/Ras-expressing p53 þ / þ MEFs (Figure 7a ). p53 À / À MEFs formed much more colonies in soft agar than p53 þ / þ MEFs. TRIM32 overexpression greatly promoted the colony formation in p53 þ / þ MEFs. This promoting effect was much less pronounced in p53 À / À MEFs (Figure 7b ). Knockdown of TRIM32 by shRNA vectors activated p53 in p53 þ / þ MEFs (Figure 7c) , and greatly reduced colony formation in p53 þ / þ but not in p53 À / À MEFs (Figure 7d) . Furthermore, TRIM32's effect on cell transformation was largely p63-and p73 independent as shown in E1A/Ras-expressing p63 À / À or p73 À / À MEFs (Supplementary Figure 10) . These results demonstrated that TRIM32 promotes cell transformation through downregulation of p53.
TRIM32 promotes the growth of xenograft tumors through downregulation of p53. We further investigated the effect of TRIM32 overexpression on tumorigenesis. Consistent with previous reports, [43] [44] [45] p53 loss promoted the growth of xenograft tumors formed by HCT116 and RKO cells (Figures 7e and f) . Notably, TRIM32 overexpression by stable transduction of pLPCX-TRIM32-Flag vectors in cells clearly promoted the growth of p53 þ / þ HCT116 and RKO tumors. This promoting effect was much less pronounced in p53 À / À HCT116 and RKO tumors (Figures 7e and f) . Western blot assays confirmed that TRIM32 overexpression downregulated p53 in p53 þ / þ HCT116 and RKO tumors (Figure 7g ). These results strongly suggested that TRIM32 overexpression promotes tumorigenesis through the downregulation of p53 (Figure 7h ).
Discussion
In this study, we identified TRIM32 as a novel p53 target and a novel negative regulator for p53. In response to stress, p53 binds to the TRIM32 promoter and induces TRIM32. In turn, TRIM32 promotes p53 degradation through ubiquitination. Thus, TRIM32 negatively regulates p53 levels and functions in cell cycle arrest, senescence and apoptosis in response to stress.
MDM2 has a critical role in negative regulation of p53, which was demonstrated by the embryonic lethality caused by MDM2 knockout in mice that can be rescued by p53 knockout. 46, 47 Our results indicated that TRIM32 downregulates p53 in an MDM2-independent manner. In addition to MDM2 and TRIM32, some other Ub ligases have been reported to regulate p53 stability, such as COP1, Pirh2, ARF-BP1, CHIP, synoviolin and Cul1/4. 5, 35, 48 Similar to TRIM32, Cop1 and Pirh2 were reported to regulate p53 in an MDM2-independent manner. 9, 10 Our results in this study showed that MDM2 is a stronger negative regulator for p53 than TRIM32. Furthermore, TRIM32 and MDM2 showed different kinetics of induction in response to p53 activation. These results suggest that TRIM32 may coordinate with MDM2 in cells in response to stress to regulate p53 levels and functions. It is still unclear why so many E3 Ub ligases in addition to MDM2 are involved in the regulation of p53, and how these E3 Ub ligases, including TRIM32, cross talk and cooperate with MDM2 to regulate p53 in cells. It is possible that these negative TRIM32 downregulates p53 to promote tumorigenesis J Liu et al regulators modulate p53 in a highly cell type-, stress signaland developmental stage-specific manners, which needs to be addressed in future studies.
The biological function of TRIM32 is poorly understood. Recent studies suggest that TRIM32 could be involved in tumorigenesis. 15, 16 p53 is a haplo-insufficient gene. Slight TRIM32 downregulates p53 to promote tumorigenesis J Liu et al changes in p53 levels and function could significantly impact tumorigenesis. 49 The overexpression of p53 negative regulators in tumors, such as MDM2, MDM4, Pirh2 and cyclin G1, have been reported to contribute to the loss of p53 function in tumors. 1, 6, 50 Our finding that TRIM32 negatively regulates p53 strongly supports a potential role of TRIM32 in tumorigenesis. Consistently, we found that TRIM32 mRNA is frequently overexpressed in different types of tumors, although its mechanism is unclear. p53 is frequently mutated in these cancers, and furthermore, mutant p53 proteins largely lose the transcriptional activity of WT p53 toward TRIM32. Other mechanisms independent of p53 should contribute to the TRIM32 overexpression in tumors, which should be addressed in future. The results in this study further showed that TRIM32 overexpression promoted the MEF transformation and tumor growth through the downregulation of p53. These results together strongly suggest that TRIM32 overexpression in tumors leads to the impairment of p53 function that promotes tumorigenesis.
In addition to its role in tumorigenesis, TRIM32 is involved in the regulation of neuronal and muscle cell development, and differentiation. 13, 14 TRIM32 ubiquitinates dysbindin that may contribute to TRIM32's role in skeletal muscle and neuronal cell differentiation. 17 Most recently, p73 was reported to upregulate the basal levels of TRIM32, and furthermore, TRIM32 ubiquitinates p73 in neuronal cells, which might contribute to TRIM32's function in neuronal development and differentiation. 41 The regulation of TRIM32 by p53 and p73 appears to be different and highly context dependent. For instance, the induction of TRIM32 by p73 was observed in neuronal cells, but not in the cancer cell lines that showed the upregulation of TRIM32 by p53 activation in response to stress in this study. p53 regulates the inducible levels of TRIM32 in response to stress but not the basal levels of TRIM32 under the non-stressed condition, whereas p73 only regulates the basal levels of TRIM32 in neuronal cells. TRIM32 could be involved in the different cellular processes in different tissues. For instance, TRIM32 regulates cellular stress responses and tumorigenesis through the regulation of p53, whereas TRIM32 might regulate neuronal development and differentiation through the regulation of p73. Future studies should shed further light on how TRIM32 regulates different cellular processes through its regulation of different targets.
Materials and Methods
Cell lines, vectors and siRNA. Human colorectal HCT116 p53 þ / þ , HCT116 p53 À / À , RKO p53 þ / þ and RKO p53 À / À cancer cell lines were generous gifts from Dr. Bert Vogelstein. Human glioblastoma p53 Tet-on LN-2024 cells and p53-null LN-Z308 cells were generous gifts from Dr. Erwin Van Meir. p53 À / À MDM2 À / À 2KO cells were a generous gift from Dr. Gigi Lozano. H1299, H460, MCF7, CRL-1831 and CRL-10742 cells were obtained from ATCC. Cells with stable p53 knockdown were established as we previously described. 51 p63 À / À and p73 À / À MEFs were established from the p63 global knockout mice and p73 knockout mice, respectively (generous gifts from Dr. F McKeon). 52, 53 The human TRIM32 cDNA and its deletion mutants were amplified by PCR from the pcDNA-TRIM32-HA plasmid (a generous gift from Dr. Ki-Sun Kwon), and subcloned into the pCMV-Flag vectors or pLPCX-Flag retroviral vectors. Sequences for siRNA oligos against TRIM32, p53, p63 and p73 (Integrated DNA Technologies, Coralville, IA, USA), respectively, were as follows: For human TRIM32: ChIP assays. ChIP assays were performed using the ChIP Assay Kit (EMD Millipore, Billerica, MA, USA) as previously described. 23 HCT116 p53 þ / þ and p53 À / À cells were treated with etoposide (20 mM) for 15 h before ChIP assays. The DO-1 anti-p53 antibody and mouse IgG (Santa Cruz Biotechnology, Dallas, TX, USA) were used for the assays. The following primer sets were designed to Luciferase reporter assays. For luciferase reporter vector construction, the DNA fragments containing the putative p53 REs in the promoter and intron 1 of human TRIM32 gene were PCR amplified by using the PCR primers for ChIP assays. The PCR fragments were cloned into the promoter region of pGL2 luciferase reporter vector (Promega, Madison, WI, USA) at KpnI and XhoI sites. The pGL2 p21 luciferase reporter vector (p21-Luc), which contains the p53 RE in the p21 promoter, was provided by Promega. Luciferase activity assays were performed as previously described. 22 In brief, the reporter vectors were transfected into HCT116 p53 À / À cells along with vectors expressing WT p53 (pRC-WT p53), R273H mutant p53 (pRC-mut p53) or control vectors using Lipofectamine 2000 (Invitrogen, Life Technologies, Carlsbad, CA, USA). pRL-SV40 vector expressing renilla luciferase was co-transfected as an internal control to normalize transfection efficiency. Luciferase activities were measured 24 h after transfection. The relative luciferase activity was calculated as luciferase activity of reporter vectors in cells co-transfected with WT p53 compared with that in cells co-transfected with empty vector. 
